Smith -Magenis syndrome (SMS) is a genetic disorder caused by haploinsufficiency of the retinoic acid induced 1 (RAI1) gene. In addition to intellectual disabilities, behavioral abnormalities and sleep disturbances, a majority of children with SMS also have significant early-onset obesity. To study the role of RAI1 in obesity, we investigated the growth and obesity phenotype in a mouse model haploinsufficient for Rai1. Data show that Rai1 1/2 mice are hyperphagic, have an impaired satiety response and have altered abdominal and subcutaneous fat distribution, with Rai1 1/2 female mice having a higher proportion of abdominal fat when compared with wild-type female mice. Expression analyses revealed that Bdnf (brain-derived neurotrophic factor), a gene previously associated with hyperphagia and obesity, is downregulated in the Rai1 1/ 2 mouse hypothalamus, and reporter studies show that RAI1 directly regulates the expression of BDNF. Even though the Rai1 1/2 mice are significantly obese, serum analyses do not reveal any evidence of metabolic syndrome. Supporting these findings, a caregiver survey revealed that even though a high incidence of abdominal obesity is observed in females with SMS, they did not exhibit a higher incidence of indicators of metabolic syndrome above the general population. We conclude that Rai1 haploinsufficiency represents a single-gene model of obesity with hyperphagia, abnormal fat distribution and altered hypothalamic gene expression associated with satiety, food intake, behavior and obesity. Linking RAI1 and BDNF provides a more thorough understanding of the role of Rai1 in growth and obesity and insight into the complex pathogenicity of obesity, behavior and sex-specific differences in adiposity.
INTRODUCTION
Smith-Magenis syndrome (SMS) is a complex genetic disorder with multisystem involvement caused by haploinsufficiency of the retinoic acid induced 1 (RAI1) gene (1) (2) (3) . Primary features of SMS include sleep disturbances (attributed to an inverted circadian rhythm), self-injurious behaviors, craniofacial abnormalities, mild-to-severe intellectual disability, brachydactyly, hoarse voice and developmental delays (4) . SMS also affects growth and includes a high incidence of childhood obesity. Infants with SMS exhibit hypotonia and feeding difficulties, but the majority of persons with SMS become obese by the time they reach adulthood, with an increased prevalence of hypercholesterolemia (5) . A study of 54 children with SMS found that by age 12, females were in the 90th percentile for weight, and by age 14, males were in the 90th percentile. An earlier study found that a majority of SMS patients had lipid values greater than the 95th percentile for age and gender for at least one of the following: total cholesterol, triglycerides and/or low-density lipoproteins (5) . † Present address: Department of Genome Sciences, University of Washington, Seattle, WA, USA. * To whom correspondence should be addressed at: Department of Pediatrics, Virginia Commonwealth University, 1101 East Marshall Street, Richmond, VA 23298, USA. Tel: +1 8046280987; Fax: +1 8046281609; Email: selsea@vcu.edu Further, in teens and adults with SMS, truncal obesity is common (3) .
In a model of SMS, heterozygous Rai1-knockout mice were created on a mixed genetic background and backcrossed to C57Bl/6-Tyr c-Brd (6) . These mice carry an insertion of an Escherichia coli lacZ coding sequence and a neoR expression cassette that deletes 3910 bp of the coding region of Rai1 exon 2 (6) . This insertion truncates the Rai1 protein, removing nuclear localization signals and the plant homeo domain (PHD), producing an effectively null allele that does not translocate to the nucleus, which is critical for Rai1 to regulate transcription. Animals that are homozygous for the Rai1 mutation are embryonic lethal by approximately 16 days postcoitum (6) . Rai1 +/2 mice are slightly smaller than their wildtype (WT) littermates at 5 weeks, comparable with control mice at 10 weeks and overweight by 20 weeks (6) . They also have behavioral abnormalities, variable penetrance of craniofacial defects and reduced fertility (7 -9) . Obesity phenotypes and further functional studies characterizing the metabolic profile in these animals, however, have not been studied.
Mouse models have been useful in identifying genetic factors that contribute to hyperphagic behavior and obesity in human disorders, including Bardet -Biedl syndrome (10) , prohormone convertase 1 (Pc1) deficiency (11) , leptin deficiency (12) and brain-derived neurotrophic factor (Bdnf) haploinsufficiency (13) . To understand the role of Rai1/RAI1 in obesity, we analyzed obesity and metabolic profiles in mice and humans haploinsufficient for Rai1/RAI1. We performed the following functional evaluations in Rai1 +/2 and WT mice: (i) analysis for hyperphagia by observing daily feeding behavior and the satiation response; (ii) analysis of circulating levels of hormones related to feeding behavior, satiety and adiposity [ghrelin, leptin, insulin, peptide YY (PYY), amylin and adiponectin]; and (iii) evaluation of the possible contribution of RAI1 to abdominal and subcutaneous fat deposition. In humans, to characterize obesity in individuals with SMS, an anonymous online survey was created for caregivers that accessed BMI, obesity comorbidities and body shape.
The alteration in the expression of transcription factors may have widespread effects on other genes. The RAI1 protein contains a bipartite nuclear localization signal and a PHD/ zinc finger domain (14) . It also has a strong homology to the transcription factor TCF20 (15) . Given these characteristics, we believe that RAI1 is a dosage-sensitive transcription factor affecting multiple molecular pathways, thus contributing to the complexity of the phenotypes associated with altered gene dosage (16) (17) (18) (19) . Identification and evaluation of these specific molecular pathways and their associated phenotypes, such as obesity, is key toward understanding the interaction of genes and proteins in these complex disorders.
RESULTS
To characterize feeding in these mouse models, we conducted studies to determine overall food consumption, the proportion of food consumed during the active phase and serum-level analysis of satiety hormones: insulin, PYY, ghrelin and leptin. Temporal assessment of food consumption can be used to determine hyperphagia, with the amount of food consumed during the light or dark phases used to determine whether these animals are modeling 'night eating' or eating during the inactive phase. Fasting studies and serum-level studies were used to determine the efficiency of the satiation response after a period of induced hunger, whereas gene expression studies focused toward the identification of genes in key pathways involved in metabolism and behavior.
Isolated feeding studies indicate hyperphagia in adult Rai1 1/2 mice Isolated feeding studies in combination with weight assessments were conducted to evaluate growth and the quantity of food consumed per day by Rai1 +/2 and WT animals aged 5 -30 weeks. At 5 weeks of age, male Rai1 +/2 mice were significantly smaller than WT mice (P ¼ 0.0025, Fig. 1 and Supplementary Material, Fig. S1 ). By 10 and 15 weeks, no significant weight differences between Rai1 +/2 and WT mice were observed. However, by 20 weeks of age, male Rai1 +/2 mice were significantly larger than WT mice (P ¼ 0.0359) and both male and female mice continued to grow substantially larger at 25 and 30 weeks (P ¼ 0.0433 and P , 0.0001, Fig. 1A-C) . Older adult Rai1 +/2 mice (up to 68 weeks) grew as large as 81.5 g before being sacrificed, whereas normal littermates never grew larger than 48.2 g (Supplementary Material, Fig. S3 ). The feeding behavior of Rai1 +/2 mice was observed and documented using isolated feeding studies. These studies were age-matched at 15, 20 and 25 weeks for Rai1 +/2 and WT male mice ( Fig. 1C and  D) . A two-way ANOVA analysis of the average amount of food per day (g) over the weight of the mouse (g) was used to compare each group. Pooled data from multiple isolated feeding experiments show that Rai1 +/2 male mice were hyperphagic at 20 and 25 weeks (P ¼ 0.0132 and P ¼ 0.031), consuming 50% more food than WT littermates and supporting the data that show Rai1 +/2 mice were significantly larger than WT mice at these ages (Fig. 1C) . At 15 weeks, Rai1 +/2 mice were not larger than WT mice, but they consumed significantly more food per gram of body weight (P ¼ 0.0314) (Fig. 1D) , supporting the increased rate of growth during this period (Fig. 1A and B) . The rate of weight gain in the Rai1 +/2 mice was 2-fold that of WT over the course of study (Supplementary Material, Fig. S1 ).
Owing to the observed circadian rhythm abnormalities in mice with deletion of Rai1 (18) and the fact that humans with SMS also have sleep disturbance, we performed isolated feeding studies to determine when mice consumed food and specifically whether they were eating during the rest cycle (light phase of the 12 h dark/light cycle). These isolated feeding studies were conducted by taking food measurements every 12 h, shortly after the beginning of each light and dark phase. Male Rai1 +/2 and WT littermates were studied at 15 and 20 weeks of age. A two-way ANOVA analysis of the proportion of total food consumed during the dark cycle was used to compare each group. At the age of 15 weeks, Rai1 +/2 mice consumed a significantly higher proportion of their food during the light phase (rest phase) than did WT mice (P ¼ 0.0191, Supplementary Material, Fig. S2 ). This pattern was not observed at 20 weeks (data not shown).
Fasting feeding studies show reduced satiation in Rai1 1/2 mice Hunger was induced in the mice using a 24 h fast to evaluate satiety. Male mice of each genotype (20 weeks old) were isolated in cages with no access to food. After 24 h, serum was collected, blood glucose levels were assessed and food was returned. When food was returned, measurements of food consumption were taken every 2 h for the first 12 h and then every 12 h up to 60 h after the fast (Fig. 2) . Food intake after the fast was compared with intake prior to the fast using ANOVA. Data show that WT mice consumed more than their normal intake during the initial 12 h after the fast, but after the initial 12 h post-fast, they experienced a significant drop in consumption when compared with their pre-fasting intake, indicating a satiety response. WT food intake returned to normal by 60 h after the fast ( Fig. 2A) . However, Rai1 +/2 mice were observed to have a muted satiation response (Fig. 2B) . Food intake never dropped significantly below prefasting levels, with mice consuming consistent amounts of food both before and after the fast. These data also suggest that the hyperphagic behavior might be independent of the satiety response.
Increased leptin due to Rai1 haploinsufficiency
To determine the possible effects of the satiety signals leptin and PYY and other related hormones on the phenotype of these mice, fasting serum samples from mice of each genotype were evaluated at the University of Cincinnati Mouse Phenotyping Core. Results show that no differences between genotypes were observed for the fat-secreted hormone adiponectin (Fig. 3A) , and similarly, insulin levels were unaltered in the Rai1 +/2 mice (Fig. 3B) . Leptin levels were high in the Rai1 +/2 mice (P ¼ 0.0368, Fig. 3C ) and correlated with the adiposity of the animal. PYY, although not significant, showed a trend toward higher levels in the Rai1 +/2 mice (Fig. 3D ). There was no significant difference between Rai1 +/2 mice and WT in serum levels of amylin; however, ghrelin did show significance in animals older than 30 weeks of age (P ¼ 0.0059, Fig. 3E and F). No differences in fasting blood glucose levels or IGF1 levels were shown between Rai1 +/2 and WT mice ( Fig. 3G and H) , and tests showed no evidence of ketone bodies in urine (data not shown). Although adrenocorticotropic hormone (ACTH) levels (Fig. 3I) were not significantly different between genotypes, corticosterone levels (P ¼ 0.0153, Fig. 3J ) were +/2 and WT mice. (E) Average daily intake of food (g) over weight of mouse (g). Food intake data are derived from male mice. Data are plotted as mean + SEM; n ≥ 3.
* P , 0.05; * * P , 0.01; * * * P , 0.0001.
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Human Molecular Genetics, 2010, Vol. 19, No. 20 significantly higher in Rai1 +/2 animals. Since this is a stressrelated hormone, the significance of this finding in neurologically impaired mice is not clear. Total cholesterol and triglycerides were also not different in these animals ( Fig. 3K and L) .
Increased abdominal fat distribution patterns in Rai1
1/2 mice Fat distribution was analyzed by the dissection of Rai1 +/2 and WT mice. Owing to weight differences between WT and Rai1 +/2 female mice, a significant difference in the amount of fat extracted from Rai1 +/ females when compared with WT females was observed (P ¼ 0.0009, Fig. 4A ). There was no difference in fat distribution between male WT and Rai1 +/2 animals (Fig. 4B ). WT female mice were shown to have a higher proportion of subcutaneous fat than abdominal fat, whereas female Rai1 +/2 have a higher proportion of abdominal fat (P , 0.001, Fig. 4C ). Histological analysis of adipose tissue sections revealed no significant differences in adipocyte cell size or shape between WT and Rai1 +/2 animals ( Fig. 5) , suggesting that more adipocytes are present in the fat tissue in the Rai1 +/2 mice. As described earlier, white adipose tissue was significantly elevated (by weight) in the Rai1 +/2 mice, with substantial adipose tissue found in the thoracic cavity of older female mice, in addition to substantial fat stores around all abdominal organs.
Body shape and adiposity in persons with RAI1 haploinsufficiency Although body shape, adiposity and obesity are frequently mentioned by clinicians, no studies have undertaken the analysis of SMS cases regarding BMI, fat deposition or factors associated with metabolic syndrome. Thus, an online survey of SMS caregivers was used to corroborate clinician's notes regarding abdominal obesity and related medical conditions in SMS patients (Table 1 ; Supplementary Material). Data were collected on 38 individuals with SMS (36 with a RAI1 deletion and 2 with a RAI1 mutation). The mean age of the SMS participant at the time of data collection was 13.5 years (range: 3 -51 years), and 58% were female. Of the six adults with SMS (.19 years), two had been diagnosed with type II diabetes, two had high cholesterol and three had high triglycerides. Of the 32 children with SMS (≤19 years), three had high cholesterol and one had high triglycerides. A x 2 analysis revealed a significant difference in male and female reported body fat storage (P ¼ 0.0406). Seventeen individuals (45%) were described as having mostly truncal obesity, with excess weight stored 'around the waist and stomach areas-very little stored around the legs and buttocks'. Of these 17 individuals, 13 (76%) were female. Ten of the 16 males (62.5%) in the study had uniform fat distribution.
Population estimates from the Centers for Disease Control show that the prevalence of obesity at ages 6-11 is 17% and at ages 12-19 is 17.3%. Based on our sample, the prevalence of obesity in 32 SMS patients through 19 years of age is 37.5%. Edelman et al. (20) previously reported a higher incidence of obesity in RAI1 mutation patients, likely due to hyperphagia, based on anecdotal reports from parents and physicians. A disproportionate number of SMS females also have a pattern of abdominal fat deposition (Table 1) , even though abdominal obesity has a much higher prevalence in males in the general population (21) . Abdominal obesity is associated with an increased risk for obesity comorbidities, including hypertension, high triglycerides and diabetes and metabolic syndrome. The incidence of diabetes, hypercholesterolemia and hypertension was not higher for individuals with SMS when compared with the general population ( Table 1) .
Hypothalamic gene expression is altered by Rai1 haploinsufficiency
Given the significant role that the hypothalamus plays in regulating food intake and satiety, we used expression microarrays to investigate the global expression of genes in the hypothalami of Rai1 +/2 mice. To identify genes differentially expressed from WT, we used the Illumina custom test for differentiation, which is more useful at estimating variance within a small sample size than the Wilcoxon signed-rank test or Student's t-test. Our analysis detected 23 000 probes for 16 000 genes. In Rai1 +/2 mice, 92 genes were significantly upregulated (P , 0.05); using a higher stringency (P , 0.01), 5 genes were significantly upregulated. In Rai1 +/2 mice, 397 genes were significantly downregulated (P , 0.05), whereas using a higher stringency (P , 0.01), 68 genes were significantly downregulated. The top genes downregulated and upregulated by reduced Rai1 expression by differential P-value and fold Table 2 (a list of all dysregulated genes are provided in Supplementary Material). Ingenuity Pathway Analysis (IPA) software was used to determine which biological pathways involved genes differentially expressed in Rai1 +/2 mice. A P-value for each pathway was determined using Fisher's exact tests to determine the likelihood of those genes assigned by chance. Considering the obese phenotype observed in Rai1 +/2 mice and SMS Figure 3 . Serum levels of satiety-related hormones. Fasting serum levels of Rai1 +/2 mice for adiponectin, insulin, leptin, PYY, amylin, glucose, ghrelin, ACTH, corticosterone, IGF1, total cholesterol and triglycerides. Data show a significant increase in leptin and a trend toward PYY elevation in Rai1 +/2 mice. Ghrelin levels were significant only in mice .30 weeks of age. Although corticosterone levels were significantly elevated in Rai1 +/2 mice, ACTH was not different. No significant differences were observed due to age, sex or weight of animals unless indicated. Data represent values from male and female mice and are plotted as mean + SEM. Leptin is significantly different * P , 0.05, * * P , 0.01.
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individuals, we examined genes related to obesity. Using IPA for disease and phenotype, we found that 20 genes associated with obesity were differentially expressed in the Rai1
mouse hypothalamus (Fig. 6A ). Biological pathways altered in Rai1 +/2 mice include psychological disorders and behavior and neurological development ( Fig. 6B and C) .
Microrarray data revealed Rai1 +/2 mice to have an 0.6-fold expression of Rai1 compared with WT mice (Supplementary Material), which is muted compared with previous studies which report Rai1 +/2 mice express less than 50% Rai1 than WT mice (6, 17) . Q-RT -PCR of hypothalamic tissue was used to confirm Rai1 expression in the heterozygous mice and showed 40% expression compared with WT (P , 0.0001, Fig. 7A ), which is consistent with previous studies. adipose tissue with regard to cell size. However, Rai1 +/2 adipocytes appeared full and were more consistent in size than those observed in WT. No unusual cellular infiltrations were observed. All genes have a significant differential P-value from WT mice. Obesity function was determined using Ingenuity disease phenotypes and Entrez Gene entries. (B) Psychological disorders and behavioral pathway in Rai1 +/2 mice. Ingenuity created pathway showing a psychological and behavioral pathway and genes which were altered in Rai1 +/2 mice. Genes that were differentially expressed from WT in the whole-genome microarray have a fold-change value listed below the gene name. Note the inclusion of confirmed genes BDNF and NPY. IPA score ¼ 39. (C) Nervous system development and cell death pathway in Rai1 +/2 mice. Ingenuity created pathway showing a nervous system development and cell death pathway and genes which were altered in Rai1 +/2 mice. Genes that were differentially expressed from WT in the whole-genome microarray have a fold-change value listed below the gene name. Note the inclusion of BDNF. IPA score ¼ 20.
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Bdnf expression is reduced in Rai1 1/2 mice
We selected five genes associated with obesity-associated phenotypes and differentially expressed in the Rai1 +/2 hypothalamus microarray for gene expression analysis using qPCR: cholecystokinin (Cck), Bdnf and neuropeptide Y (Npy). Expression levels were confirmed using RNA from four Rai1 +/2 mice and six WT controls (Fig. 7 ). There were no gender-specific differences in expression for the genes studied. Cck is a brain/gut peptide involved in satiety that regulates food intake and weight gain (22) . It can decrease the expression levels of Npy, which are usually co-localized with Cck in the neurons of the arcuate nucleus (23) . Cck can also regulate ghrelin expression and has a similar effect as the satiety hormone, leptin (23, 24) . Microarray data show that Cck was downregulated 1.5-fold in Rai1 +/2 mice compared with WT mice. qPCR showed an insignificant decrease in Rai1 +/2 mice (Fig. 7B ). NPY is a neurotransmitter located in the neurons of the arcuate nucleus of the hypothalamus and plays an important role in the stimulation of hunger. Ghrelin activates Npycontaining neurons, causing an increase in [Ca 2+ ] i via the phospholipase C and adenylate cyclase-PKA pathways, whereas leptin acts as an agonist via the phosphatidylinositol 3-kinase-PDE3 pathway (25, 26) . Overexpression of Npy Mc4r expression is elevated in Rai1 +/2 . Graphs represent mean + SEM ( * * P , 0.01, * * * P , 0.001). All expression data were confirmed from three to six mice of each genotype for every specific gene.
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causes an increase in feeding and weight gain (27, 28) . Loss of Npy expression has been shown to attenuate hyperphagic response to fasting and leptin deficiency (29, 30) . Microarray data show that Npy was upregulated 1.6-fold in Rai1
mice. qPCR showed an insignificant increase in Rai1 +/2 mice (Fig. 7C) .
Bdnf is a neurotrophic growth factor involved in the growth of striatal neurons (31) . Reduced expression of BDNF has been identified in depression, schizophrenia and obsessivecompulsive disorder (32) (33) (34) (35) (36) (37) . Tissue-specific deletion of Bdnf in the ventromedial and dorsomedial hypothalamus was found to induce hyperphagia and obesity (13) . Haploinsufficiency for Bdnf in mice was found to cause increased food intake, early-onset obesity, hyperactivity and cognitive impairment (38) . Microarray data show that Bdnf was downregulated 2.5-fold in Rai1 +/2 mice. qPCR confirmed the downregulation observed in Rai1 +/2 mice (P ¼ 0.0037, Fig. 7D ). Proopiomelanocortin (Pomc) is found to be expressed in many tissues, including the skin, lymphoid system, anterior pituitary and the arcuate nucleus of the hypothalamus (39) . Pomc is a precursor of melanocortins that are involved in energy homeostasis such as melanocyte-stimulating hormones (MSHs) and ACTH (40) . Mutations in Pomc have been associated with obesity in both human and mice (40, 41) . Microarray data demonstrated that Pomc was downregulated 5.0-fold in Rai1 +/2 mice. qPCR confirmed the downregulation observed in the Rai1 +/2 mice (P , 0.0001, Fig. 7E ). The melanocortin 4 receptor (Mc4r) is a G-coupled receptor that interacts with a-MSH and has been shown to be involved with feeding behavior and energy expenditure (42) . Mice with deletions of Mc4r exhibit an obesity phenotype, as well as hyperpahgia and hyperleptinemia (42) . Expression data shown here reveal that Mc4r expression is upregulated 2.25-fold in the Rai1 +/2 mice (P ¼ 0.0071, Fig. 7F ).
RAI1 regulates transcription of BDNF via intronic enhancer element
Utilizing a chromatin immunoprecipitation (ChIP)-chip approach to identify chromatin fragments bound by RAI1, an enhancer element in BDNF intron 1 was identified and cloned (see Materials and Methods). With a luciferase reporter-based system, we examined whether the expression of RAI1 regulates or alters the expression of a luciferase reporter via the cloned BDNF regulatory region. As shown in Figure 8A , overexpression of RAI1 (isoform a) results in 2-fold increase in relative luciferase activity, indicating a positive role for RAI1 in the transcription of BDNF via this regulatory region and providing evidence of a role for RAI1 in the regulation of BDNF. Of note, a negative control was used in this assay, a proposed RAI1 isoform c that does not contain the RAI1 bipartite nuclear localization signal or the PHD domain, which are predicted to be necessary for RAI1 transport to the nucleus and induction of transcription, respectively. Figure 8B shows that the RAI1 isoform c protein does not contain the domains required for nuclear localization and thus, should not affect transcription. Further supporting these data, as shown in Figure 8C , RAI1a-GFP localizes to the nucleus, whereas RAI1c-GFP does not. Although these data support RAI1a as a transcriptional regulator directly binding DNA, RAI1c likely plays a role elsewhere in the cell.
DISCUSSION
We provide unequivocal evidence to show that Rai1 haploinsufficiency affects feeding, satiety and fat deposition patterns in mice and humans. These data show that Rai1 +/2 mice are hyperphagic and have a delayed satiation response after induced hunger. Obese Rai1 +/2 mice do not have ketonuria, increased insulin or an elevated fasting glucose, so it is unlikely that they have insulin resistance associated with the observed obesity, nor do they have features consistent with metabolic syndrome. The elevated leptin and PYY levels in these mice indicate that the gut satiety signals are high, which is expected with the high levels of fat in these animals. If leptin and PYY signaling were functioning as we would expect, Rai1 +/2 mice with an increased serum leptin would have a sensitive satiation response and possibly hypophagia and resistance to obesity (43, 44) . However, high serum leptin has been identified as an early indication of adult-onset obesity in children (45) . Therefore, the obesity observed in these mice is likely due to hyperphagia caused by a muted satiation response possibly due to increased ghrelin levels or leptin resistance (46) .
Reduced expression of RAI1 affects adiposity. When we evaluated the fat distributions in Rai1 +/2 female mice, we found higher proportions of abdominal fat than observed in WT females, whereas Rai1 +/2 males had less abdominal fat than WT males. This is similar to the significant proportion of females with SMS with reported abdominal adiposity in our survey and consistent with clinical notations from geneticists. The documented abdominal adiposity in female SMS patients theoretically increases the risk for these individuals to develop polycystic ovary syndrome, an endocrine-metabolic disorder that results in increased risk for infertility, obesity, metabolic syndrome, cardiovascular disease; however, these conditions have not been reported in this population. Further evaluation of serum hormones in Rai1 +/2 mice could be used to determine whether Rai1 affects sex hormone levels and lead to a more comprehensive understanding of the pathogenicity of abdominal fat in females in the general population and to determine whether Rai1/RAI1 haploinsufficiency is possibly protective against these complex medical conditions. Adiponectin levels negatively correlate with high abdominal fat deposition, insulin resistance, diabetes mellitus, coronary heart disease and metabolic syndrome (47) (48) (49) (50) . Serum adiponectin in Rai1 +/2 mice was not elevated, and the serum results do not indicate diabetes. These data suggest that RAI1 haploinsufficiency contributes to early-onset obesity and increased abdominal fat deposition in females but does not increase the incidence of abdominal fat-associated insulin resistance and diabetes. Serum data also show that total cholesterol and triglycerides were not different from WT in the Rai1 +/2 mice, further supporting the absence of metabolic syndrome in this animal model of obesity. There is no conclusive evidence of the pathogenicity associated with increased abdominal fat in these mice. Other obesity comorbidities that should be assessed in humans and mice include cardiovascular risk Human Molecular Genetics, 2010, Vol. 19, No. 20 4035 and blood pressure. There is strong evidence that these comorbidities of abdominal obesity are also affected by alterations in the circadian cycle (51, 52) . Evaluating cardiovascular health may reveal the downstream effects of the observed adiposity, as well as the relationship between the circadian cycles and obesity comorbidities. A better understanding of the metabolic phenotypes and feeding behaviors in these mice will lead to better understanding of obesity in SMS and the genetic effects on energy homeostasis, which can provide knowledge to improve the health of the general population. In order to evaluate the downstream gene expression effects of Rai1 haploinsufficiency in mice, we investigated global gene expression levels in the mouse hypothalamus. Our data provide evidence for the role of the hypothalamus in the obesity and satiation phenotypes seen in this mouse model of SMS. A large number of genes were differentially expressed in Rai1 +/2 mouse hypothalami. Top upregulated and downregulated genes include transcription factors, hormones and neurotransmitters. Many of the genes differentially expressed in this study are associated with obesity. Some genes were found to have phenotypes that relate to those observed in SMS. These may warrant further confirmation and investigation. Growth hormone (GH) and prolactin (PRL) are associated with growth, but hormone levels within SMS cohorts (due to 17p11.2 deletion) were shown to be within normal limits and to follow a normal circadian rhythm (53) . Further, analysis of SMS cases due to RAI1 mutation showed only 1 out of 20 cases with documented GH deficiency (54, 55) . POMC has been associated with severe early-onset obesity (56) and may be an important downstream target of RAI1, and its expression was significantly reduced in the Rai1 +/2 mice, although Mc4r expression was elevated. Reduced expression of Pomc has been shown to increase food intake and body weight in mice (57) . Increased expression of Mc4r is an indication of the activation of the anorexigenic melanocortin system, a regulator of food intake and energy homeostatsis and is consistent with findings in other obese rodent models with letptin resistance showing reduced Pomc expression in association with elevated Mc4r expression (58) .
Other phenotypes commonly observed in SMS and associated with genes identified in this study (Supplementary 
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Material) include WNT9B, which is involved in midfacial development; knockout mutations of Wnt9b can model cleft lip in mice (59) . Lecithin cholesterol acyltransferase, LCAT, regulates cholesterol transport, and deficiency in mice can cause hepatic overproduction of triglycerides (60) . Further, transcription factor 7-like 2, TCF7L2, is involved with insulin signaling in the pancreas (61), and TCF7L2 variants are associated with type II diabetes (62) . Gastrulation brain homeobox 2, GBX2, is a transcription factor necessary for hindbrain development (63) . Thus, the gene expression microarray data reported here support the role of multiple pathways in the development of the SMS phenotype due to RAI1 haploinsufficiency (Supplementary Material).
Although this study was focused toward genes related to satiety and obesity, these data can be used to identify genes related to observed hypoinsulinemia, cognitive dysfunction and altered molecular, metabolic and circadian mechanisms. Of particular interest are the many genes involved in behavior and psychological disorders. Considering the severe impact of the behavioral phenotypes on the quality of life of SMS patients, these data may be useful in identifying how cognitive function is altered in a complex disorder. Analysis of array data revealed altered expression of key genes involved in obesity and satiety, including Bdnf, which was previously shown to be associated with obesity and hyperphagia in a mouse model. Although Bdnf was not listed among the top dysregulated genes, microarray expression analysis and qPCR revealed 2.5-fold reduced expression of the gene Bdnf in Rai1 +/2 mice in conjunction with altered expression of Rai1 in the hypothalamus. ChIP-chip and reporter studies support direct binding of RAI1 to an intronic Bdnf enhancer as the primary means of regulation. Reduced expression of BDNF has been associated with obesity in mice and humans (38, 64, 65) , and the data we report here document RAI1 as a positive regulator of BDNF expression. Thus, reduced Rai1 expression in mice results in reduced hypothalamic Bdnf expression resulting in an associated suppression of the satiety response and hyperphagia (Fig. 9) . BDNF is a neurotropic factor that can affect serotonergic neurotransmission and has been implicated in a number of disorders, including autism, obsessive-compulsive disorder, schizophrenia, Alzheimer disease and eating disorders, among others (66) (67) (68) (69) (70) (71) (72) . Further supporting the findings in this study linking RAI1 and BDNF are reports showing that haploinsufficiency of BDNF in humans is associated with hyperphagia, obesity and developmental problems (38) , whereas mutation of TRKB, the BNDF receptor, is associated with developmental delay and obesity (73) .
Considering the overlapping behavioral phenotypes of BDNF (38, 74) and RAI1 haploinsufficiencies, including hyperphagia, cognitive impairment with global delays, mildmoderate intellectual disabilities with normal memory skills and repetitive behaviors, as well as alterations in the melatonin pathway in SMS, a comprehensive analysis of serotonin uptake and regulation should be studied in these mice. In addition to a more comprehensive understanding of SMS, the data presented in these studies are precursory to a greater characterization of the role of RAI1 in growth, obesity, adiposity and behavior and provide evidence for a significant role in growth, satiety, adiposity and behavior. Our studies indicate that downstream pathways altered by haploinsufficiency of Rai1, including Bdnf, contribute to the phenotypes of SMS and point to the critical importance of optimal gene dosage for normal phenotypic expression and the need to explore BDNF and its related pathways more critically in disorders involving obesity and developmental delay.
MATERIALS AND METHODS

Mice, breeding and maintenance
Mice heterozygous for insertional mutation of Rai1 [previously reported as B6.129S7-Rai1 tm1Jrl /J (6) and referred to here as Rai1 +/2 ] were obtained from the Jackson Laboratories, stock 005981, as a fully backcrossed strain (with C57Bl/6J-Tyr c-2J /J). Rai1 +/2 mice were bred in-house with C57Bl/6J mice. Pups were weaned at 3 weeks. Mice had access to water and a standard breeding chow of Lab Diet 5P06 Prolab RMH 2000 ( 9 -10.4% fat) ad libitum. A constant temperature (218C), humidity (40%) and automatic 12 h light/dark cycle were maintained at all times. All tests were performed during the light portion of the cycle except for light-phase feeding studies, which were done using a red light to avoid altering the dark period. All animals were housed in compliance with the guidelines of the IACUC at Virginia Commonwealth University.
Genotyping
DNA was extracted from tails as described previously (16) .
Rai1
+/2 genotypes were confirmed using target allele and WT primers as reported in Bi et al. (6) .
Isolated feeding studies
Male mice of each genotype (Rai1 +/2 and WT) were placed into isolated cages and given a pre-weighed amount of food at 5, 10, 15, 20 and 25 weeks. Food was weighed 
Light-phase and fasting feeding studies
Male mice of each genotype (Rai1 +/2 and WT) were placed in isolated cages with a pre-determined amount of food and an unlimited amount of water. Food was weighed every 12 h for 3 days. Night measurements were taken using a red lamp. To fast animals, all food was removed for 24 h, and animals were placed in a new cage to prevent hoarding. After 24 h, a pre-determined amount of food was returned at the beginning of the light phase. Food measurements were taken every 2 h for 6 h after the fast. Measurements continued every 12 h for 3 days. These evaluations were performed at 15 and 20 weeks of age.
Blood glucose
Blood was drawn from a needle prick on the end of the tail and measured using capillary test strips and an Easy Pro glucometer. All glucose samples were taken after 24 h fast.
Serum analysis
Blood was collected from animals via cardiac puncture after CO 2 -induced unconsciousness. Serum was separated by allowing the blood to clot for 20 min followed by centrifugation at 2000g for 10 min. All serum samples were collected under fasting conditions from the facial vein under general anesthesia with isofluorane at the end of the previously described fasting period. Required additives for each assay were added immediately following blood collection. A 1X protease inhibitor cocktail (Roche) was added for amylin measurements, and the serine protease inhibitor AEBSF [4-(2-amino-ethyl) benzenesulfonyl fluoride hydrochloride; Sigma] was added (0.4 mg/ml) for ghrelin measurements. Serum samples were aliquoted and stored at 2208C. ELISA tests were performed at the University of Cincinnati Mouse Phenotyping Core per standard protocols.
Ketone analysis
Animals were isolated in small container, with no bedding until they urinated, and an Alva Thinz Metabolism Strip No. 25 was dipped into the urine.
Fat distribution patterns in Rai1
1/2 mice Fat distribution in Rai1 +/2 mice was determined via dissection. Male and female mice were selected at 30+ weeks, weighed and euthanized via a CO 2 chamber. Intra-abdominal fat pads (gonadal, retroperitoneal and mesenteric) and subcutaneous fat pads (dorsal, inguinal and groin) were collected via dissection and weighed (74) . Measurements of both abdominal and subcutaneous fat pads were combined to determine the amount of total fat collected. Data obtained by dissection were consistent with NMR analysis of fat distribution conducted at the University of Cincinnati Mouse Phenotyping Core (data not shown).
Histological analysis
For paraffin histology, abdominal adipose tissues isolated from the same anatomical region from age-matched Rai1 +/2 and WT females were fixed in 4% paraformaldehyde in phosphatebuffered saline. The tissues were processed using a Tissue-Tek VIP 5 tissue processor (Sakura Finetek USA, Torrance, CA, USA) and then embedded in paraffin blocks. Paraffin blocks were cut into 5 mm sections and then processed using standard deparaffinization and rehydration techniques. Sections were mounted on silanized glass slides and stained with hematoxylin and eosin using a Tissue-Tek Prisma Automated slide stainer (Sakura Finetek USA).
RAI1 participant survey
An anonymous online survey was designed to assess body shape in patients with RAI1 deletions and mutations. The survey was distributed to primary caregivers via the SMS support website PRISMS and the SMS Yahoo! Listserv and was an exempt study approved by the VCU Institutional Review Board. The survey assessed body type by asking the caregiver to select a description which best described the fat deposition pattern for their child. The survey included cartoon depictions of the type of fat deposition, as well as a written description such as 'My son/daughter tends to store extra weight on arms, legs, hips, and buttocks. Very little weight is stored around the waist.' The survey addressed the individual's background and included questions regarding gender, age, height, weight, formal diagnosis by a geneticist and the most recent physician visits. The patient's clinical history regarding diabetes, high cholesterol and high triglycerides was also assessed. Percentiles were determined using BMI and CDC growth assessment charts for children aged 2 to 20 years. Results are provided in Table 1 . The complete survey is available in Supplementary Material.
Hypothalamus isolation
Male and female 30-week-old WT mice were euthanized by CO 2 exposure. Rai1 +/2 mice were 52+ weeks at the time of death and tissue collection for microarray analysis. Hypothalami were extracted from younger mice for qPCR confirmation of array results. Hypothalami were immediately extracted from mouse brains and stored at 2808C.
RNA isolation
RNA was isolated using the TRIzol reagent/chloroform isolation method. The quality of the isolated RNA was determined using a 260/280 absorbency ratio and assessed using a Thermo Scientific Nanodrop 1000. For microarray studies, equal quantities of RNA were pooled for a WT sample (six male mice), whereas two 52+ week male mice were utilized for the Rai1 +/2 sample, and data were combined for assessment. 
Microarray data analysis
Using the Illumina BeadStudio Software, differential analysis was performed between the Rai1 +/2 and WT genotypes. Data were normalized using the quantile method. Differential P-values were determined using the Illumina custom analysis. The software was also used to calculate a false discovery rate and to adjust P-values accordingly. Detection P-values ,0.05 were used to determine which probes were detected. Heat maps to visualize gene distribution were created using JMP statistical software. Pathway analysis was done using Ingenuity Pathway Analysis for gene and protein interaction. Significant interactions were determined using the Ingenuity Pathway Knowledge Base and a Fisher's exact test for significance for each pathway and biological function.
Real-time quantitative PCR
RNA from hypothalami from male and female mice of each genotype was isolated using the TRIzol reagent/chloroform method and quality assessed by nanodrop. Some individual hypothalamus samples that were used in the pooled samples in the microarray were analyzed for confirmation of array results individually using qPCR. cDNA synthesis was performed using 4 mg of RNA, Invitrogen Superscript 2 reverse transcriptase and random primers according to the manufacturer's instructions. ABI TaqMan probes for mouse mRNA expression were used to detect gene expression for Bdnf, Cck, Npy, Pomc, Mc4r, Rai1 and Gapdh. All samples were run in triplicate in a 10 ml reaction on an ABI Prism 7500 Fast System with Gapdh as an endogenous control.
Creation of plasmids
RAI1a
Flag . The human RAI1a coding sequence (accession: NM_030665, beginning at ATG and ending at stop codon) was cloned into pEntr/D-TOPO, using standard manufacturer protocols (Invitrogen, Carlsbad, CA, USA). A 5 ′ TOPO polylinker was added to cDNA PCR forward primer (CACC) to ensure proper directional cloning. Plasmid DNA was isolated using Fermentus GeneJET TM plasmid mini kit (Burlington, Ontario, Canada) according to standard manufacturer instructions. Inserts were confirmed using RAI1 cDNA primers and sequenced using standard Sanger techniques. Next, RAI1a pEntr/D-TOPO was recombined with pDest26 Flag , using the standard Gateway protocol provided by Invitrogen to create pDest26RAI1a
Flag . 
BDNF
RAI1c
GFP . RAI1c was created by PCR amplifying the coding sequence (NM_152256.1) as provided by Origene (Rockville, MD, USA). This sequence was cloned into pEntr/D-TOPO in the same manner as stated earlier and recombined with pDest47 (Invitrogen), using standard manufacturer's protocols, creating pRAI1c
GFP .
ChIP with microarray
HEK293t cells were transfected with RAI1 Flag plasmid as described in what follows by scaling the reaction up for a T75 culture dish. ChIP-chip was processed with mouse IgG Dynabeads (Invitrogen) and monoclonal anti-Flag IgG antibody (Sigma-Aldrich, St Lewis, MO, USA) according to manufacturer's protocols, using Nimblegen 'ChIP sample preparation protocol v2' (Roche Nimblegen, Madison, WI, USA). Arrays and initial data were processed by Nimblegen, using the Nimblegen HG18 RefSeq promoter array according to standard manufacturer's protocols. RAI1
Flag -binding sites were generated using genomic data points, Peak_Start and Peak_End, from Nimblegen pre-processed data files. A putative BDNF enhancer element was identified in intron 1 of the BDNF gene (Hg18, Chr11:27 680 656 -27 681 712 Mb).
Transfections
Human embryonic kidney (HEK293T) cells were maintained in six-well dishes containing Dulbecco's modified Eagle's medium with 10% (v/v) FBS, 2 mM L-glutamine and 100 mg/ml of penicillin/streptomycin (Invitrogen) at 378C in a 5% CO 2 incubator. Cells were counted using trypan blue exclusion to ensure .90% viability. Transfections with pUC19, psvb-Gal, BDNF Luc and RAI1 Flag were performed using Lipofectamine TM 2000 (Invitrogen) according to manufacturer's instructions. Briefly, 5 × 10 5 cells were plated in 2.0 ml of growth medium without antibiotics 24 h prior to transfection. A total of 4 mg of total plasmid DNA, using pUC19 plasmid as 'filler' DNA, was diluted in 250 ml Opti-MEM w reduced serum medium (Invitrogen). Similarly, 10 ml of Lipofectamine TM 2000 was diluted in 250 ml of Opti-MEM w reduced serum medium, mixed well and incubated for 5 min. After incubation, diluted plasmid DNA was mixed with diluted Lipofectamine TM 2000 to a total volume of 500 ml and incubated for 20 min, then plasmid:Lipofectamine complexes were added to each well and mixed by rocking. Cells were incubated at 378C in a 5% CO 2 incubator for 24 h.
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Luciferase reporter assay
After plasmid DNA transfection and 24 h incubation, HEK293 cells were washed with 2 ml DPBS (Invitrogen), and Tropix Glacto-Light TM (Applied Biosystems, Bedford, MA, USA) standard protocol was used. Briefly, 250 ml of lysis solution was added to each well of the six-well plate and scrapped until all cells were detached. Lysates were collected and centrifuged at 10 000g for 2 min to pellet cell debris. Next, 50 ml of the resulting supernatant was transferred to four wells of a 96-well white luminometer plate. Two wells were treated with 70 ml diluted Galacton w substrate (1:100, Galacton:Reaction buffer dilutent) (Applied Biosystems) and incubated for 30 min. To the two wells that contained the diluted Galacton w substrate, 100 ml of Accelerator(-II) (Applied Biosystems) was added. To the two wells that did not contain the diluted Galacton w substrate, 100 ml of Steady-Glo w Luciferase substrate (Promega Corp.) was added. Each well was read using the Wallac 1420 VICTOR2 TM Luminometer (PerkinElmer, Waltham, MA, USA) on a maximum linear scale. Relative luciferase activity from each individual transfection was calculated by dividing the average number of light units read from the wells containing the Steady-Glo w Luciferase substrate by the average number of light units from the wells containing the Galacton w substrate and Accelerator(-II). The equation (DLuc/Db-Gal ¼ relative luciferase activity) was used. Wells containing pUC19, psvb-Gal and BDNF Luc were used as baseline luciferase activity. Each experiment was performed independently at least three times in duplicate. P-values were generated by averaging relative luciferase activity from each independent study and performing a two-tailed Student's t-test. Standard deviations were generated using GraphPad.
Statistical analyses
All statistical methods were conducted using JMP software. Mean food consumption at 5, 10, 15, 20 and 25 weeks were compared using pooled data from 12 different isolated feeding studies and dependent on genotype and age. These data were compared among the two genotypes (WT and Rai1 +/2 ) using ANOVA. Food intake after the 24 h fast (taken at 2 -48 h) was evaluated using repeated measures ANOVA, with effects for individual mouse, genotype, time point and group time interaction. These data were also evaluated separately for each time point using ANOVA. The average proportion of food consumed at night was evaluated using repeated measures ANOVA.
